RESEARCH

L
egumes have the potential to contribute high-quality forage for livestock in the typical low-quality, perennial warmseason grass pasture systems of the Southern Great Plains of the United States (Evers, 2011) . However, poor establishment is a persistent problem associated with forage legumes. The effect of unfavorable weather is probably more critical during germination and early seedling development stages than at any other stage of vegetative growth. Stand establishment of autumn-planted forages is especially difficult to achieve when dry and extreme cold conditions occur, which is a recurrent event on the Southern Great Plains (Malinowski et al., 2009) .
In addition to moisture, oxygen, and light, temperature plays an important role in seed germination (Garcia-Huidobro et al., 1982) , and each plant species has its own optimal temperature and range in which greatest germination will occur (Feddes, 1972) . The rate and percentage of germination of legumes are affected by temperature (Bewley and Black, 1982) . In the case of subterranean clover (Trifolium subterraneum L.), the results of early studies on the effects of temperature showed that there was a broad optimum temperature centered at about 20°C for the growth of
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Twain J. Butler, Ahmet E. Celen, Stephen L. Webb, Djordje Krstic, and Sindy M. Interrante* aBSTRaCT Temperature, in addition to moisture, oxygen, and light, plays an important role in seed germination. Early seedling emergence and stand establishment can be promoted by germination of seeds under a wide range of temperatures; therefore, it is desirable for commercial legume cultivars to germinate over a range of temperatures. The objective of this growth chamber experiment was to determine the effects of temperature on seed germination of seven annual warm-season and 11 annual cool-season legumes. Greatest germination of warm-season and cool-season legumes occurred at 25 and 20°C, respectively. Germination of warm-season legumes tended to be maximized at 25°C, while cool-season legume germination was greatest from 10 to 25°C. seedlings, with a slight cultivar variation in responses to temperature (Black, 1955; Mitchell, 1956; Morley, 1958) . Approximately 93 to 97% of the variation in cowpea [Vigna unguiculata (L.) Walp.] germination and 99% of the variation in soybean (Glycine max) germination can be explained by temperature (Covell et al., 1986; Balkaya, 2004; Odabaş and Mut, 2007) . In the suboptimal temperature range, germination rate generally is related linearly to temperature such that temperature and time can be combined into a single thermal time value (Feddes, 1972; Garcia-Huidobro et al., 1982) . Fyfield and Gregory (1989) reported a wide range of temperatures for germination of mungbean [Vigna adiate (L.) R. Wilczek] cv. IPB-M79-17-79, with 10°C as the minimum temperature for germination and 40°C as the temperature at which germination was the fastest when water was not limiting. McGraw et al. (2003) reported maximum total germination percentage was similar for several native warm-season legumes at temperatures ranging from 15 to 30°C. In a study measuring germination of cool-season forage legumes at 10, 15, 20, 25, and 30°C 10 d after planting, Brar et al. (1991) reported most species exhibited optimal temperatures for satisfactory germination (>80%) and reduction in germination at greater temperatures; however, the germination of 'Maxidor' alfalfa was not affected by temperature (average 96% germination). Townsend and McGinnies (1972) also reported an insensitivity of alfalfa germination to temperature, and Hill and Luck (1991) reported little effect of temperature on germination percentage or rate in alfalfa. Germination of seeds under a broad range of temperatures is important for early seedling emergence and establishment of a full crop stand (Brar et al., 1991) . Temperature requirements for seed germination of some species explain why they are relatively easy or difficult to establish in field conditions (Khelil et al., 2011) . Hampton et al. (1987) have determined that the percent germination and germination rates of white clover (Trifolium repens L.), red clover (Trifolium pratense L.), and alfalfa were not affected by constant temperatures of 5, 10, 15, and 20°C, whereas the germination rate of trefoil (Lotus corniculatus L.) was reduced at 5°C and the germination rates of subterranean clover were reduced at both 5 and 20°C depending on the cultivar. A desirable characteristic of commercial legume cultivars would be the ability to germinate over a range of temperatures, thereby making them easier to establish than those species with narrow optimal temperature ranges (Townsend and McGinnies, 1972) . In areas such as the Southern Great Plains, with variable rainfall patterns and amounts, it may be critical for a species to germinate quickly when competition for resources is great and the window of opportunity for growth and development is small (McGraw et al., 2003) . Characterization of the germination response of warm-season and cool-season legume cultivars to a range of temperatures is needed to assess their germination requirements to develop strategies for successful stand establishment. Therefore, the objective of this study was to determine the effects of temperature on seed germination of seven annual warm-season and 11 cool-season legumes.
MaTERIaLS aNd METHodS
The experiment was conducted during September and October 2012 in growth chambers located at the Samuel Roberts Noble Foundation in south central Oklahoma (34°10¢ N, 97°10¢ W; elevation 266 m). The experiment was conducted twice (two trials) using a randomized complete block design (a block was considered a shelf within a growth chamber) with two replicates per trial evaluating seven warm-season and 11 cool-season legume entries (Table 1 ). Entries were evaluated over seven temperature levels of 5, 10, 15, 20, 25, 30, and 35°C . Seed germination counts were made 3, 7, 10, and 14 d after initiation (DAI).
An experimental unit was defined as a 100 × 15 mm polystyrene petri dish (VWR International, LLC) containing 100 seeds per legume entry. Petri dishes contained an 83-mmdiameter steel blue nontoxic seed germination blotter that contained 25% rag (Anchor Paper Co.). Before temperature treatment initiation, dry seeds, petri dishes, and deionized water containing 0.01% concentration of mefenoxam [(R,S)-2-[(2,6-dimethylphenyl)-methoxyacetylamino]-propionic acid methyl ester] to retard the growth of surface fungal contaminants were placed into the appropriate temperature growth chamber and allowed to acclimate for at least 24 h. After temperature acclimation, water-fungicide solution was added to each petri dish in a volume that was based on 100-seed weight (Table 1) to initiate germination temperature treatment. Petri dishes were sealed with laboratory film (Pechiney Plastic Packaging) to minimize moisture loss. Additional water was added at counting dates if needed to ensure that water availability would not be confounded with other treatment factors.
Seed germination was defined as radicle emergence. At each counting date, germinated seeds were counted and removed from the petri dishes. At each subsequent counting date, newly germinated seeds were added to previously recorded germination counts so that the final count at 14 DAI was a cumulative germination number of all prior counting dates.
Statistical analysis
Warm-season and cool-season legumes were considered distinct experiments and were analyzed and presented separately. Before analysis, percentage seed germination was transformed using an arcsine square-root transformation to meet statistical assumptions of normality and homogeneity of variances. The transformed percentage was used only for statistical testing. Back transformations were used for reporting means and graphical displays. Generalized linear mixed models (GLMM; GLIM-MIX procedure) in SAS 9.3 (SAS Institute, Inc.) were used to test for the effects of temperature and days after initiation (i.e., main effects) and their interaction on seed germination. To account for block effects, and other potential sources of variation, replicate × trial, trial, and legume entry were considered random effects, which controls extraneous sources of variation the optimal temperature for germination of these warmseason legumes (Fig. 1) . Additionally, at optimal temperature (25°C), maximum germination occurred at 7 DAI, but was not different than any other DAI (P = 0.10; Fig. 1 ), indicating that maximum germination can be estimated approximately after 3 d. At 25, 30, and 35°C, germination was essentially the same (P > 0.05) from 3 to 14 DAI. As expected, there was virtually no germination at 5°C. Similarly, Covell et al. (1986) reported no germination of cowpea or soybean seeds at 5°C after 11 d. Germination rate increased with increasing temperature, reached a maximum rate at optimum temperature, and decreased at greater temperatures, which was demonstrated by these data as well (Fig. 1) . At 10, 15, and 20°C, germination increased as DAI increased (P < 0.01, P < 0.01, and P = 0.01, respectively), indicating that germination was delayed at cooler temperatures (Fig. 1) 
Cool-Season Legumes
Germination of cool-season legumes was also affected by a temperature × DAI interaction (P < 0.01). Germination rate generally increased with increasing temperature and then decreased at temperatures greater than the optimal temperature range. Germination rate was generally greater at 15 to 25°C, while total germination was greatest at temperatures 10 to 25°C. However, germination at 20°C was greater than at 25°C (P = 0.02), indicating that 20°C was the optimal temperature for germination of these cool-season legumes (Fig. 2) . Additionally, at optimal temperature (20°C), maximum germination occurred after only 3 DAI (P > 0.05; Fig. 2) . Similarly, at 15, 25, and 35°C, germination was essentially the same (P > 0.05) from 3 to 14 DAI, indicating that germination potential of these cool-season legumes could be assessed after only 3 DAI. Similar results were reported by Lonati et al. (2009) in which maximum germination of Trifolium arvense L. and T. repens 'Demand' occurred after 5 d or less at 4.6 to 14.8°C and 14.8 to 25°C, respectively. Germination at 35°C was very poor and averaged 14% across all DAI. Germination percentages were moderately (32-46%) reduced at 30°C and greatly reduced (82-86%) at 35°C. Unlike the response observed in the warm-season legumes, germination of these coolseason legumes did occur at 5°C, although germination was delayed initially before increasing as DAI increased to a maximum of 65% at 14 DAI (P < 0.01; Fig. 2) . A similar delayed germination response also occurred at 10°C, with germination increasing from 37% at 3 DAI to 84% at 14 DAI (P < 0.01; Fig. 2) . Maximum germination percent did and allows for better estimation of the effects of the independent variables on the response (Littell et al., 2006) .
The effects of warm-season legume entry, temperature, and their interaction and those of cool-season legume entry, temperature, and their interaction on seed germination were also of interest, so to simplify analysis, only data from 14 DAI, when cumulative germination would be the greatest across all legume entries, was considered. Because cultivar was specified as a fixed effect in this analysis, only replicate × trial and trial were considered random effects to control for these sources of variation. The GLIMMIX procedure was used for all analyses as well as the Kenward-Roger denominator degrees of freedom adjustment to account for multiple random effects and correlated errors (Kenward and Roger, 1997; Littell et al., 2006) . Significance was accepted at P £ 0.05. When a significant F-test was observed, Tukey's honestly significant difference test was used to compare means.
RESuLTS aNd dISCuSSIoN
Legume Germination
Warm-Season Legumes
Germination of warm-season legumes was affected by a temperature × DAI interaction (P < 0.01). Germination was greatest at 25°C (P = 0.01) compared to the next greatest germination at 20°C, indicating that 25°C was Hairy vetch 'AU Merit' 8 † Due to large seed size, these entries were separated into four petri dishes containing 25 seeds per petri dish. ‡ Amount of water per petri dish based on weight of 100 seeds: 6 mL corresponded to 0.05-0.89 g 100-seed weight; 8 mL corresponded to 0.90-1.99 g 100-seed weight; 14 mL corresponded to >2.7 g 100-seed weight. Figure 1 . Germination of warm-season legume seeds for each temperature as affected by days after initiation (P < 0.01). Means were calculated across seven warm-season legume entries, two trials, and two replicates (n = 28). P values indicate whether slopes of each temperature line were different from zero (P £ 0.05), in addition to a planned contrast to compare the two temperatures where germination was greatest. Figure 2 . Germination of cool-season legume seeds for each temperature as affected by days after initiation (P < 0.01). Means were calculated across 11 cool-season legume entries, two trials, and two replicates (n = 28). P values indicate whether slopes of each temperature line were different from zero (P £ 0.05), in addition to planned contrasts to compare the temperatures where germination was greatest.
Cultivar-Specific Germination
Warm-Season Legumes
Both main effects of cultivar (P < 0.01) and temperature (P < 0.01), as well as the interaction between cultivar and temperature (P < 0.01) influenced germination of warmseason legumes at 14 DAI. There was no germination of any warm-season legume entry at 5°C (Table 2) . Unlike the other entries, 'Large Lad' (G. max), 'Quailhaven' (Glycine soja), and Whitetail Thicket soybeans, began germinating at 10°C, which resulted in the cultivar × temperature interaction. At 15°C, all entries had some level (³56%) of germination at 14 DAI. While maximum germination of the warm-season legume population occurred at 25°C (Fig. 1) , maximum germination at 14 DAI for most entries not differ between 7 and 14 DAI for temperatures ranging from 10-35°C; however, maximum germination percent at 5°C occurred at 10-14 DAI.
Currently, the recommended planting date for coolseason legumes in the Southern Great Plains is mid-September, when the average daily temperature is 24°C and average rainfall increases after a summer deficit (Fig. 3) . The advantages of late summer seedings include reduced weed and disease pressures, minimized risk of water-deficit stress, and minimized winter injury risk when seeded at least 6 wk before the average date of the first killing frost (Cosgrove and Collins, 2003) , which generally occurs on 11 November in southern Oklahoma. Table 2 . Germination of warm-season legume seeds at 14 d after treatment as affected by temperature × legume entry interaction (P < 0.01) across two trials and two replicates (n = 4). 
cowpea 'iron and clay' 0aA 0aA 56ac 72ac 82abc 75cc 40aB
Lablab 'Rio Verde' 0aA 2aA 82bB 89aB 89bB 82cB 79cB
Sericea lespedeza 'AU Grazer' 0aA 0aA 56ac 67ac 77abc 65cc 48abB
Soybean 'Large Lad' 0aA 54cc 92bD 89aD 94cD 45aB 50bBc
Soybean 'Quailhaven' 0aA 28bB 73ae 73ae 80abe 54bD 40ac Soybean 'Whitetail Thicket' 0aA 62dB 90bD 97bD 98cD 68cc 75cc † Means followed by the same letter, lowercase letter within column and uppercase letter within row, were not different at P > 0.05 based on Tukey's honestly significant difference mean separation test. occurred between 15 and 30°C (Table 2) . Burgundybean, 'Iron and Clay' cowpea, and 'AU Grazer' sericea lespedeza [Lespedeza cuneata (Dum. Cours.) G. Don] exhibited a reduction in germination from 30 to 35°C, while soybeans exhibited a reduction in germination from 25 to 30°C. However, Covell et al. (1986) reported mean optimum germination temperature and mean maximum germination temperatures of 34.3 and 51.0°C, respectively, for soybean genotype G2261.
Cowpea and sericea lespedeza exhibited a high level (>50%) of germination under a range of temperatures (15-30°C), while Rio Verde lablab achieved maximum germination across the widest range of temperatures (15-35°C) ( Table 2 ). Odabaş and Mut (2007) reported similar optimum germination temperatures of 20 to 30°C for 'Akkiz' cowpea. The most favorable temperatures for soybean were 15 to 25°C and for burgundybean 20 to 30°C. Whitetail Thicket soybean had the greatest germination of all entries at 10°C (Table 2) , indicating its potential for use in cooler climates. Based on 30-yr average temperatures in Ardmore, OK (Fig. 3) , Whitetail Thicket may potentially be sown in late March to be utilized earlier than other warm-season legumes. Sowing burgundybean, Rio Verde lablab, and Large Lad and Quailhaven soybeans in mid-April, and Iron and Clay cowpea and AU Grazer sericea lespedeza in early May, could be an option to potentially extend the grazing season and utilize warm-season legumes later in the summer, when rainfall becomes less abundant and forage deficits become more likely.
Conversely, lablab and Whitetail Thicket had greater germination than the other entries at 35°C (Table 2) , indicating their potential for use in warmer climates. The variation in germination response to temperature within cultivars of a species could be related to center of origin (Covell et al., 1986) . Craufurd et al. (1996) reported reduced germination of 22 cowpea genotypes at temperatures below 15°C, which is similar to results in the present study in which Iron and Clay cowpea did not germinate at temperatures < 15°C. Balkaya (2004) reported predicted optimum temperatures for germination of 23.1 to 25.2°C for two cowpea genotypes across 15 different temperatures ranging from 5 to 40°C. However, our data for Iron and Clay cowpea showed optimum germination temperatures ranging from 15 to 30°C. McDonald (2002) reported >90 and >80% germination of Highworth lablab and CPI 27404 burgundybean, respectively, at 16 to 36°C, and no germination at 44°C. In the present study, however, Rio Verde lablab and burgundybean averaged 84 and 70% germination, respectively, at 15 to 35°C.
Cool-Season Legumes
Both main effects of cultivar (P < 0.01) and temperature (P < 0.01), as well as the interaction between cultivar and temperature (P < 0.01) influenced germination of coolseason legumes at 14 DAI. The cultivar × temperature interaction was due to greater germination at 35°C by the alfalfas and 'AU Merit' hairy vetch (Vicia villosa L.) and greater germination at 5°C of Dixie crimson clover than all other entries except PI 419238 button medic, PI 495523 Tifton burr medic [Medicago rigidula (L.) All.], and 600RR alfalfa. Maximum or optimal germination response to temperature varied slightly by species. Optimal germination occurred at 15 to 25°C for PI 495523 Tifton burr medic, Devine little burr medic, Armadillo burr medic, 'Specter' field pea (Pisum sativum L.), and AU Merit hairy vetch; at 15 to 20°C for PI 495464 rigid medic (Medicago rigiduloides E. Small) and Apache arrowleaf clover; at 15 to 30°C for 600RR and Bulldog 505 alfalfas; and at 10 to 25°C for PI 419238 button medic and Dixie crimson clover (Table 3 ). Germination at 35°C was negligible except for alfalfa and hairy vetch, with 600RR alfalfa exhibiting the greatest germination at 75%. Little Table 3 . Germination of cool-season legume seeds at 14 d after treatment as affected by temperature × legume entry interaction (P < 0.01) across two trials and two replicates (n = 4). burr medic, burr medic, and arrowleaf clover were especially sensitive to high (30°C) temperatures resulting in the least germination of all cool-season legume entries. Evers (1980) also reported arrowleaf clover germination was negatively affected at high temperatures, achieving 17 and 9% germination at day/night temperature treatments of 30/20 and 35/25°C, respectively. Button medic, Tifton burr medic, alfalfa, and crimson clover had the greatest germination of all entries at low (5°C) temperatures. Evers (1980) described crimson clover as having good, rapid germination across all day/night temperature treatments ranging from 15/5 to 35/25°C. However, Hoveland and Elkins (1965) reported that after 12 d at 4.5°C, 'Yuchi' arrowleaf and 'Talladega' crimson clovers exhibited >80% and approximately 20% germination, respectively. Monks et al. (2009) reported similarly that the final germination percentage of several annual Trifolium spp. was constant between 5 and 20°C and decreased to zero as temperatures increased, while the final germination percentage of perennial Trifolium spp. was constant from 5 to 30°C and declined only at 35°C. In a study measuring germination of several accessions of Medicago and Trifolium spp., Young et al. (1970) reported no difference in total germination between 5 and 20°C, but considerably reduced germination at 0.5 and 30°C. Mosjidis and Zhang (1995) reported 18 to 23°C to be the optimum temperature range for the germination of 15 accessions of six Vicia species. Other studies have reported differences in species' germination percentage response to temperature.
CoNCLuSIoNS
Temperature plays an important role in the germination of warm-season and cool-season legume seeds. Optimum germination (>70%) of warm-season legumes occurred from 15 to 30°C, while germination was generally reduced at temperatures less than 15°C and greater than 25°C. No germination of warm-season legumes occurred at 5°C, and minimal germination occurred at 10°C with the exception of soybeans (28-62%). Lablab exhibited maximum germination across the widest range of temperatures (15-35°C), while maximum germination of burgundybean occurred at 20-30°C. Cowpea and sericea lespedeza had maximum germination at 15-30°C. This suggests that summer legumes should be planted in early spring, while lablab could be planted later in spring while maintaining optimal germination under greater temperatures. Whitetail Thicket exhibited germination > 60% across the widest range of temperatures (10-35°C), indicating that it can be planted earlier and later than the other legume entries while maintaining optimal germination.
Optimum germination of cool-season legumes occurred from 15 to 25°C, with reduced germination at 5°C and at 30 and 35°C. Dixie crimson clover and PI 419238 button medic exhibited maximum germination across a wide range of temperatures (10-25°C). Bulldog 505 and 600RR alfalfas also exhibited maximum germination across a wide, but warmer, range of temperatures (15-30°C). This suggests that cool-season legumes can be planted early in autumn when moisture is available. However, burr medic, little burr medic, and arrowleaf clover had poor germination at high temperatures (>30°C) indicating these legumes should be planted later in autumn when temperatures decrease.
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